Abstract-We propose a flexible and high-performance fronthaul system for future mobile networks using a seamless combination of fiber-optic and millimeter-wave (MMW) systems. The proposed system employs a high-quality optical MMW signal generation at the transmitter and a stable and high-performance MMW self-homodyne detection at the receiver. In the downlink direction, successful transmission of intraband and interband carrier aggregation (CA) long-term evolution-advanced (LTE-A) signals over the system is experimentally confirmed. We also confirm satisfactory performance for the transmission over a fiber-wireless bridge using a cascade of the seamless system and a conventional radio-over-fiber (RoF) link. In the uplink direction, we successfully demonstrate the transmission of an intraband CA LTE-A signal over a cascade of a radio-on-radio and a RoF system. In addition, we confirm that the full-duplex transmission of LTE-A signals over the proposed bidirectional system does not experience performance degradation compared to the case with half-duplex transmission. The proposed system is a potential solution for mobile-signal transmission in future networks.
I. INTRODUCTION
R ECENTLY, fifth-generation (5G) mobile networks have attracted significant interest from industry and the academic community. It has been predicted that the capacity will increase about 1000 times compared to current 3G long-term evolution (LTE) systems [1] . Data rates for individual users will be in the order of gigabits per second in anytime and anywhere communications. Further, the roundtrip latency should be reduced by an order of ten times compared to current values. Current networks that are based on macrocells cannot meet these requirements. Recently, the implementation of small-cell-based mobile networks has been considered as a promising solution. T. Kawanishi is with the School of Fundamental Science and Engineering, Waseda University, Tokyo 169-8050, Japan (e-mail: kawanishi@waseda.jp).
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However, in these networks, many small cells need to be deployed to provide sufficiently wide coverage. It is therefore important to simplify the remote cell sites in order to reduce the system cost and energy. Cloud-based radio-access networks have been proposed as an attractive solution to support future mobile networks based on small cells. In these networks, all signal processing functions, including baseband units (BBUs), can be centrally located in a pool in central stations (CSs) [2] . This will help to simplify the remote cells sites, as well as to reduce the system cost, power consumption, and transmission delay. It also helps to simplify the network management and operation, and efficiently share the resources. However, high-speed and low-latency transmission links, which are referred to as mobile fronthauling, are required to connect CSs with remote cell sites. Radio-over-fiber (RoF) systems have been considered as an important technology for mobile networks. They are especially useful for small cells and centralized networks owing to the simplification of remote cells and low-latency transmission [3] . Compared to the widely used method of digitized baseband-signal transmission on fiber links, which is based on interface protocols such as common public radio interface, it offers many advantages. These include the low bandwidth requirement, especially for the transmission of high-speed millimeter-wave (MMW) and/or massive multipleinput multiple-output (MIMO) signals. In addition, with the RoF method, the strict requirements on signal synchronization and jitter can be relaxed. In particular, the latency may be reduced owing to its simplified signal processing and conversion at remote cell sites. It can also enable multi radio transmission over the same system, including multi-services, multi-bands, and multi-operators, which is difficult to realize using digitized transmission methods.
However, in practice, the use of fiber cables may not be possible and feasible in many scenarios. Fiber cable can be cut in the event of accidents or natural disasters. The recovery of mobile services by repairing or installing a new fiber cable can take several weeks to months. Physical and economic constraints such as railways, rivers, and dense urban areas can also limit the use of fiber cables for mobile networks. The use of fiber cables is also not feasible for communications to fast-moving users such as passengers on high-speed trains, and this is an important and difficult issue to address in next-generation mobile networks because of the use of small cells and high data rate communications. Highly resilient access networks with flexible deployment capability are of utmost importance for future mobile networks, especially for heterogeneous networks such as 5G. Free-space optical communications can be an alternative solution for short-range fiber cables; however, its performance is largely dependent on the weather conditions. A combination of fiber and MMW links can be very attractive owing to its large available bandwidth and high resilience. As reported in [4] , [5] , the seamless convergence of fiber-optic and MMW wireless systems can provide fiber-like high-capacity transmission using advanced modulation formats and digital signal processing (DSP) techniques. However, the inclusion of DSP at remote sites significantly increases the transmission delay and power consumption; thus, these systems are not suitable for simple and low-latency fronthaul networks. A more flexible system with low-latency transmission is therefore required for future mobile networks. Examples involving the use of such a seamless system for the transmission of mobile signals in different scenarios are presented in Fig. 1 . First, the seamless system can be used as an alternative medium for a RoF link in order to quickly recover mobile services after accidents or natural disasters. Second, the system can provide a flexible solution for mobile fronthauling when the use of fiber cable is either not feasible, or when it is too expensive because of physical or economic constraints. Third, the system can extend the range of high-capacity optical links to provide high-speed and broadband services to users on fast moving vehicles, including high-speed trains.
Recently, we reported an experimental study on the transmission of LTE-A signals over a seamless fiber-MMW system [6] . We also reported the full-duplex transmission of a carrier aggregation (CA) LTE-A signal transmission over a bidirectional seamless fiber-MMW system [7] . Nevertheless, a more comprehensive investigation on the system performance is required. Furthermore, a stable and high-performance system that can be used for the transmission of future mobile signals should be developed. In this paper, we propose a stable and high-performance seamless fiber-MMW system for the high-precision waveform transmission of mobile signals. The proposed system employs a high-quality optical MMW signal generation at the transmitter and a stable coherent detection at the receiver [8] . We then experimentally investigate the full-duplex transmission of CA LTE-A signals over the proposed system. In the downlink (DL) direction, we successfully transmitted intraband and interband CA LTE-A signals over the seamless system at 92.5 GHz. The transmission over a fiber-wirelesss bridge using a cascade of the seamless system and a RoF link in the microwave (MW) band is also successfully confirmed. In the uplink (UL) direction, we transmitted an intraband CA LTE-A signal over a cascaded 96-GHz wireless and a RoF link. The full-duplex transmission of the LTE-A signals using frequency multiplexing (FM) in the radio link and wavelength-division multiplexing (WDM) in the optical link is successfully realized with satisfactory performance. Negligible interference effects were observed in both transmission directions. We also confirm that the proposed selfhomodyne detector (SHD) can significantly improve the quality of transmission compared to an envelope detector (ED). The obtained results illustrate the potential of the proposed system, and confirm that the system can be an attractive solution for applications to future mobile networks, where the use of fiber cable is not feasible or is too expensive.
II. EXPERIMENTAL DEMONSTRATION

A. Experimental Setup
Our experimental setup for the full-duplex transmission of CA LTE-A signals over a seamless fiber-wireless system in the W-band is shown in Fig. 2 . For the DL direction, a coherent two-tone optical signal is first generated using a high-precision optical modulation technology [9] . The stability of the phase and frequency in the generated optical tones in this technique is especially important to minimize both phase noise and phase error [6] . Both sidebands of the generated signals are modulated by an intraband CA DL LTE-A signal at 2.62 GHz or an interband CA DL LTE-A signal at 2.412 and 2.62 GHz. These LTE-A signals are fully standard-compliant frequency division duplex (FDD) signals, and are generated by a single vector signal generator (VSG) or two synchronized VSGs, respectively, using a commercially available signal studio for the LTE-A signal. In this experiment, the intraband CA LTE-A signal consists of two 20-MHz-carrier components (CCs) and uses the normal cyclic prefix (CP) mode. The interband CA LTE-A signal aggregates four 20-MHz CCs with two CCs in each band and uses the normal CP mode for all CCs. The modulated optical signal is inputted to an optical attenuator (ATT) to adjust the transmit power before being launched into a 10-km single-mode fiber (SMF) for transmission to an optical receiver located at a remote antenna unit (RAU). Optical circulators (OCs) are inserted to separate the optical downlink and uplink transmissions. At the optical receiver, the signal is amplified by an optical amplifier (EDFA), and an ATT adjusts the received optical power. The signal is then directly converted to a radio-on-radio (RoR) signal at 92.5 GHz by a high-bandwidth photodetector (PD). The RoR signal is amplified by a W-band power amplifier (PA) before being transmitted into free space using a 23-dBi horn antenna. After transmission over a 3-m free-space link, the signal is received by another horn antenna at a remote radio head (RRH), amplified by a W-band low-noise amplifier (LNA), and down-converted to the original signals by the proposed SHD. For comparison, we also considered the use of an ED for downconverting the signal. The recovered signals are then amplified by an LNA before being detected or fed into a RoF transmitter module (RoF Tx.) for further fiber transmission (in the case of transmission over a fiber-wireless bridge). In the latter case, the optical signal is transmitted to a receiver via a 10-km SMF cable. At the receiver, the RoF signal is amplified by an EDFA, and the received power level is adjusted by an ATT before being fed into a RoF receiver module (RoF Rx.) for conversion back to the original LTE-A signals. For the transmission of interband CA LTE-A signals, we used a power divider to separate the signals to the different bands. The recovered signals are then sent to a single vector signal analyzer (VSA) in the case of the intraband CA signal transmission and two synchronized VSAs in the case of the interband CA signal transmission for the signal demodulation. To analyze the signal performance, we used commercially available VSA software.
In the UL direction, a cascaded RoR and RoF system in the MMW band can be utilized by feeding the received RoR signal directly to a fiber link using a high-bandwidth optical modulator. However, this method can significantly increase the cost and fiber-dispersion effects because of the transmission of MMW signals over a fiber link. For a cost-effective system, in this experiment, we demonstrated the transmission of an intraband CA FDD UL LTE-A signal over a cascaded RoR link at 96 GHz and a RoF link in the MW band. The LTE-A signal comprises two 20-MHz CCs and uses normal CP mode. A W-band mixer up-converts the CA UL LTE-A signal generated from a VSG to an MMW-band signal at 96 GHz. For the signal up-conversion, a local oscillator (LO) signal source can be extracted and bandpass-filtered from the MMW carrier in the downlink path, and is inputted to the mixer. In this experiment, for simplicity, we used a separate LO signal at 96 GHz. The mixed signal is amplified by a PA before being transmitted into free space. The signal is transmitted over the same 3-m freespace link as in the DL path, and is received by another horn antenna at the RAU. The signal is then amplified by an LNA before being coupled into an ED or the SHD for down-converting to the originally transmitted LTE-A signals. The signal is then amplified by another LNA before being fed into a RoF Tx. for conversion to an optical signal. The optical signal is fed into the same 10-km SMF as in the DL via an OC, and it is then transmitted to the receiver located at the CS. To differentiate it from the DL optical signal, we used a wavelength that is different from those in the DL direction to transmit the UL signal. Wavelength reuse can be employed for simultaneous transmission of DL and UL signals. However, Rayleigh backscattering effects may increase noise level surrounding the vicinity of the received signal [10] . To simulate different application scenarios, we inserted an ATT and an EDFA into the link to adjust the received optical power. The received optical signal is converted to the original LTE-A signal using a RoF Rx. The recovered signal is finally sent to a VSA and is analyzed by the VSA software.
B. Optical MMW Signal Generation
In the DL direction, photonic-based MMW signal generation is a key technology for the seamless combination of fiber-optic and radio links. A phase-and frequency-stable MMW signal with low phase-noise (PN) characteristics is very important for the high-precision analog waveform transmission of mobile signals. In principle, an MMW signal can be generated by heterodyning two optical signals at different wavelengths, λ 1 and λ 2 , from two laser sources or an optical frequency-comb generator. If we represent the input optical signals by S 1 (t) = A 1 cos(ω 1 t + ϕ 1 (t)) and S 2 (t) = A 2 cos(ω 2 t + ϕ 2 (t)), where A 1 and A 2 denote the amplitudes, ω 1 and ω 2 are the angular frequencies, and ϕ 1 (t) and ϕ 2 (t) are the phases of the signals, the current of the generated MMW signal at the output of the PD can be written as
From (1), it is clear that the frequency and phase of the generated MMW signal are equal to the difference of those parameters from the input optical signals. If these signals are generated from two independent laser sources, it is difficult to stabilize the frequency, and especially the phase, of the generated signal because the frequencies and phases are not correlated. Even if the signals are from the same source, such as from an optical frequency-comb generator, the phases can be fluctuated because of temperature-and vibration-induced index changes as well as delays induced by different cable lengths as they are transmitted through different cables before being combined. This problem also occurs if data modulation is performed on only one optical tone. Even though the use of an ED at the receiver can help to eliminate phase fluctuations in the MMW signal, the performance of the system using a coherent receiver can be severely degraded. In order to stabilize the phase, additional circuitry such as a jitter compensator should be employed; however, this would increase the system complexity.
To generate a phase-and frequency-stabilized MMW signal that is suitable for advanced mobile-signal transmission, in our system, we adopted our previously proposed technique that is based on high-extinction ratio optical modulation technology [9] , as shown in Fig. 3 (a) . In this scheme, a continuous-wave signal from a laser diode is fed into a high-extinction ratio dualparallel Mach-Zehnder interferometer modulator (DPMZM). The electrical signal generated from an LO is inputted into an electrode of the main MZM to generate even-order sideband components. The generated optical signal is then passed through an optical band-elimination filter to suppress the carrier component. We obtained a coherent two-tone signal with a frequency separation that is four times the value of the fed signal. We used an EDFA to boost the optical power, and an optical bandpass filter to reduce the amplified spontaneous emission (ASE) noise from the optical amplifier. By using this technique, we can form a completely phase-and frequency-stabilized two-tone optical signal to generate a stable MMW signal. In addition, owing to the use of the high-extinction ratio MZM, the signal-to-noise (SNR) ratio of the generated signal is sufficiently high to realize a high-performance system for mobile-signal transmission. Fig. 3 (b) shows an example of the generated two-tone optical signal with an SNR of approximately 35 dB. By sending this signal to a high-speed PD, we can generate an MMW signal at 92.5 GHz, as shown in Fig. 3 (c) . The signal has an SNR of approximately 60 dB and a very narrow linewidth. The frequency fluctuation of the generated MMW signal obtained using a max-hold function in an electrical spectrum analyzer is shown in Fig. 3 (d) . The frequency fluctuation of the generated MMW signal in this system is very small, i.e., less than 100 kHz, and therefore complies with the radio regulations [11] . It should be noted that when using a heterodyne method with two independent laser diodes, it is difficult to meet the strict requirement of frequency fluctuations for gigabit transmission in the MMW bands, even when using a fiber laser with a very narrow linewidth of 15 Hz [12] .
We also measured the single-sideband (SSB) PN characteristics of the generated MMW signal, as shown in Fig. 4 . Fig. 4(a) and (b) show the results for our system using dual and single wavelengths for data modulation, respectively. Fig. 4(c) shows the result for the heterodyne method using two independent lasers. The figure shows that using the dual-wavelength data modulation scheme can significantly reduce the PN owing to the coherence of the phases in the two optical tones. The singlewavelength data modulation presents some degradation in the PN because of the phase jitter induced from the differential transmission delay of the two optical tones. The heterodyne method shows a large PN signal. It should be noted that a large PN MMW signal can result in a poor performance for mobile signals, especially when coherent detection is used at the receiver to increase the system sensitivity. In our experiment, we therefore used the dual-wavelength data-modulation scheme to simplify the system and to improve the performance.
C. MMW Signal Detection
The detection of a received MMW signal at the receiver is another key technology that affects the signal performance. There are two common approaches: direct detection using a diode detector such as a Schottky-barrier diode, and coherent detection using a diode-type mixer and an LO signal source. The direct detection receiver is simple; however, the bandwidth and sensitivity are limited, resulting in limited capacity and transmission range. While coherent detection can provide improved sensitivity and wider bandwidth, the use of an LO signal at the receiver considerably increases the system complexity. In addition, the LO must have its phase locked with the one used at the transmitter site to stabilize the phase of recovered wireless signals [6] . This further increases the complexity of the system, and may not be feasible in some practical scenarios. To provide a simple solution with high sensitivity and wide bandwidth for mobile-signal transmission, we proposed an SHD receiver, as shown in Fig. 5(a) . It uses a diode-type mixer as in the coherent detection; however, no independent LO source is needed. The received MMW signal is divided into two parts by a power splitter . The signal in one branch is used as the received signal and input to the RF port of the mixer. The other part is used as the LO signal source. To increase the power of this signal to a sufficiently high level, we used a PA. In addition, to prevent damages that may affect the PA and the mixer, we utilized an ATT. In the branch of the received signal, we used a variable-phase shifter to adjust the phase differences between the two signals. We also inserted isolators to prevent any signal reflection.
To evaluate the performance of the proposed detection receiver, we measured the PN and dynamic range (DR) of the received carrier signal after being transmitted over the seamless system. The measured PN characteristics of the received signal using different detection schemes are presented in Fig. 5(b) . We observed that using a heterodyne detection with a free-running LO signal source, the PN is too unstable to transmit mobile signals. While a phase-locked LO can help stabilize the phase noise, the system will become more complex. The SHD receiver presents a low PN performance. Fig. 5(c) presents the spuriousfree DR (SFDR) of the systems using an ED and the SHD for the signal detection. Because of limitations in the receiver sensitivity and linearity, the direct detection system presents a low SFDR of approximately 58 dB·Hz 2/3 . The proposed SHD system improves the SFDR by about 12 dB to a value of approximately 70 dB·Hz 2/3 . Thus, it can be confirmed that the SHD system can provide sufficiently high characteristics while keeping the system simple. The available bandwidth of the SHD system can be as high as those of the heterodyne detection provided that the bandwidth of the PA is sufficiently large.
III. EXPERIMENTAL RESULTS
A. Downlink Transmission Performance
We first evaluated the half-duplex transmission of LTE-A signals over the system in the DL direction. The UL transmission is turned off in this measurement. An interband CA DL LTE-A signal at 2.412 and 2.62 GHz is transmitted over the seamless system. The interband CA is an important technique used in LTE-A signals to increase bandwidth because most network operators do not have sufficient contiguous bandwidth. The transmission of interband CA signals over fronthaul systems is quite challenging using digitized transmission methods. By using RoF systems, the transmission of interband CA LTE-A signals can be easily realized using subcarrier multiplexing (SCM) in the electrical domain. We evaluate the transmission performance using the root-mean-square EVM parameter. We compared the EVM of the received LTE-A signal with the EVM antenna limit specified in the 3GPP standard: EVM QPSK < 17.5%, EVM 16QAM < 12%, and EVM 64QAM < 8% [13] . The measurement follows the standard test procedure recommended by 3GPP standards. In this measurement, each interband signal aggregates two contiguous 20-MHz CCs. Fig. 6(a) shows the spectral and constellation maps of the received LTE-A signals carried by different CCs. We can observe a clear spectrum and constellation maps with clearly separated clusters for both 16 and 64-QAM signals. Fig. 6(b) shows the 64-QAM signal performance for different signal transmit powers at 2.62 GHz. The successful transmission of 64-QAM signals can be achieved using both the ED and the SHD. However, owing to the better characteristics of the SHD, the performance of the system using the SHD is considerably improved. This improvement is very important because in future mobile networks, high-order modulation formats such as 256 QAM with required EVM values as low as 3.5% are used [14] . Fiber dispersion can be an important issue in seamless fiber-MMW systems because of the transmission of MMW signals over the fiber link. In dual-wavelength data modulation systems, the fiber transmission range may be limited because of the bit walk-off effect. We investigate this effect by transmitting an intraband two-CC LTE-A signal over the seamless system. The measured EVM results for different fiber transmission ranges are shown in Fig. 7 . We observe that there is satisfactory performance for the 64-QAM signal when the transmission range is less than 50 km. When the fiber length increases to 50 km, the EVM values are relatively higher because of the bit walk-off effect. However, considering the fact that a 50 km length of fiber is sufficiently long for access and mobile fronthaul networks, the use of a dual-wavelength data modulation scheme, as presented in this experiment, is suitable. To further increase the fiber transmission range, the use of a single wavelength for data modulation should be applied. In a single-wavelength data modulation system, the effect of the bit walk-off effect is small; however, the phase error from the differential transmission delay of the optical sidebands should be compensated when coherent detection is used.
In some practical cases, it is necessary to transmit the received signals further over another fiber link, such as in a fiber-wireless bridge [15] . In this case, the MMW link serves as an alternative link for a short fiber cable when its use is not feasible or is too expensive. We investigated the transmission of CA LTE-A signals over the fiber-wireless bridge. We first transmitted a 2-CC intraband CA DL LTE-A signal over the system. Fig. 8(a) shows the measured EVM results for LTE-A signals with different transmit powers. For this measurement, the received optical power in the first span is fixed at 3 dBm. It is clear from the figure that the SHD outperforms the ED. The performance for different received optical powers in the first span is shown in Fig. 8(b) . The system using the SHD helps to significantly improve the performance and increase the system DR. If we define the DR of the received optical power as the range for which the performance is better than the requirement, we can see that the power range of the SHD is much larger than the ED. According to the ITU-T recommendation on the optical attenuation range in passive optical networks (PONs) [16] , a range of 15 dB should be reserved to compensate for the splitting ratio and fiber length difference. This means that our system can employ PON networks for the optical link. We also transmitted an interband LTE-A signal over the bridge, and the performance for different transmit powers of the signal at one interband is shown in Fig. 9 . It is well known that in SCM systems, the nonlinear distortion and intermodulation increase because of a large total input power. Thus, increasing the transmit power in one band affects the signal performance in the other band. Even with this effect, the satisfactory performance of 64-QAM signals can be achieved by transmitting optimal powers for each band.
B. Uplink Direction Performance
In the UL direction, the LTE-A signal uses the clustered single-carrier frequency-division multiple access (SC-FDMA) method. The peak-to-average ratio (PARP) is therefore higher than the non-clustered SC-FDMA in the LTE UL signal. However, compared to the orthogonal frequency-division multiple access method used in DL LTE-A signals, the PARP of the UL signal is lower. In addition, the CA in the UL direction is applied Fig. 9 . Performance of DL interband LTE-A signal over the fiber-wireless bridge.
only for CCs in the same frequency band. In our experiment, we generated a standard compliant UL intraband CA LTE-A signal at 2.5 GHz, and transmitted over a cascaded RoR and RoF system. The down-conversion to the originally transmitted LTE-A signals from the received RoR signal at 96 GHz was performed by an ED or the SHD. We first transmitted 2-CC UL LTE-A signals with a 20-MHz bandwidth for each CC over the system. The DL transmission was turned off during this measurement. Examples of the constellation maps for 16-QAM and 64-QAM signals carried by the two CCs are shown in Fig. 10(a) . We observed very clearly separated clusters for both signals. The performance for different transmit powers of the LTE-A signal is shown in Fig. 10(b) . We observed that for the 64-QAM signal, we can obtain a transmit power DR exceeding 20 dB. By using a path-loss model between mobile terminals and RRHs as Loss path = 128.1 + 37.6 × log 10 (r) [17] , where r is the transmission range, the maximum size of RRHs can be estimated up to several hundreds of meters. This cell size of RRHs is sufficiently large for small-cell-based mobile networks. Further optimization and improvement of the cascaded MMW-RoF system can help to increase the cell size. In addition, the use of the proposed SHD as presented in Fig. 10(b) is one possible method employed to increase the power range, thus expanding the remote cell size. For large-size cells such as macro cells, digitized RoF-based systems would be a more attractive solution for fronthaul systems.
We also investigated the performance of LTE-A signals that aggregate a different number of CCs, as shown in Fig. 10(c) . In this measurement, because of the limited internal bandwidth of the VSG, a bandwidth of 10 MHz is used for each CC. It is clear that by increasing the number of CCs, the effect of nonlinear distortion and intermodulation is increased. However, the performance for 64-QAM signals is satisfactory. The performance of the system using the SHD is better than the ED, especially when the number of CCs increases. From this result, we can also expect that SCM can be further exploited to transmit not only CA signals, but also MIMO signals by feeding them onto different frequency components in the MW band before they are transmitted over the system. This further demonstrates the potential of the proposed system for the transmission of future mobile signals.
C. Full-Duplex Transmission Performance
In previous sections, we presented a half-duplex signal transmission over the system by turning off the signal in the other direction. In practice, a system that is capable of simultaneously transmitting signals in the DL and UL directions is highly desired to reduce the system cost and complexity. This is particularly important in ultra-dense small-cell-based mobile networks. In this section, we investigate the performance of a full-duplex LTE-A signal transmission over a bidirectional seamless fiber-MMW system using WDM in the fiber link and FM in the radio link. In principle, when the cross talk between the ports of the OCs is negligible, there is no interference between the transmissions in the DL and UL directions. However, in reality, some leakage from DL signal can be coupled into the receiving UL signal and vice versa. Consequently, the leakages and the received signals can produce intermodulation products via photodetection. In order to maintain a satisfactory performance for mobile signals in a full-duplex transmission, the leakages should be minimized. We first evaluate the full-duplex transmission performance using the EVM parameter. In this measurement, intraband 2-CC CA DL and UL LTE-A signals were generated and transmitted simultaneously over the bidirectional seamless system. According to the standard [18] , the carrier frequencies of the DL and UL LTE-A signals are within the ranges of 2.5 to 2.57 GHz and 2.62 to 2.69 GHz, respectively, in band 7. As reported in [19] , the interference between the transmissions increases when the frequency difference between the DL and UL directions is reduced. To investigate this effect, we fixed the carrier frequency of the DL signal at 2.62 GHz, and varied the carrier frequency of the UL signal from 2.5 to 2.57 GHz. Fig. 11(a) and (b) presents the measured EVM values for the DL and UL signals for different transmit powers in opposite directions and carrier frequencies of the UL signal, respectively. We confirmed that increasing the transmit power in the opposite direction and reducing the frequency spacing between the DL and UL directions do not pose any performance degradation. Even when the frequency difference reduces to 50 MHz, which is the smallest spacing between the DL and UL transmission, the performance does not change. This confirms that the interference between the DL and UL directions is negligible.
We further confirmed this observation by using the adjacentchannel leakage ratio (ACLR) parameter to measure the signal performance. The ACLR is an important parameter for investigating the effects of intermodulation because it measures the power in the main channel and the power in the adjacent channel that is leaked from the main channel and the opposite direction transmission. To measure the ACLR parameter, we simultaneously transmitted 20-MHz DL and UL LTE-A signals over the system, and we measured the power ratio between the main channel and adjacent channels at 25 and 50 MHz offsets. As in the case with the EVM measurement, we fixed the carrier frequency of the DL signal at 2.62 GHz and varied the UL frequency from 2.5 to 2.57 GHz. As shown in Fig. 12(a) , there was no degradation in the performance of the DL transmission when we increased the transmit power and frequency of the UL signal. This further confirms that the interference from the UL direction on the DL transmission is negligible, as in the case of the EVM results. The measured ACLR for the UL direction at different carrier frequencies and under different transmit powers of the DL direction is shown in Fig. 12(b) . We confirmed that increasing the transmit power in the DL direction does not affect the performance in the UL direction. In addition, the performance of the 50-MHz-offset ACLR at 2.57 GHz is even better than those at 2.5 GHz. This should be caused by the frequency response of the UL system. From these results, we confirm that satisfactory performance can be realized for full-duplex LTE-A signal transmissions over a bidirectional seamless fiber-MMW system with negligible interference between the directions. Note that the crosstalk between the ports of the OCs being used in our experiment is 35 dB.
It should also be noted that according to the LTE standard defined in [20] , the ACLR requirement should be -45 dBc. This means that the measured ACLR values presented here are below the required limits. This can be attributed to the fact that the noise level in the system and the resolution bandwidth used in the ACLR measurement are not fully optimized. In our experiment, we measured the ACLR parameter using VSA software installed on a remote personal computer and connected to the VSA. The resolution bandwidth of the measurement is automatically set at 1 MHz. By optimizing the resolution bandwidth, we expect to reduce the ACLR values. In addition, because the goal of this measurement is to investigate the interference between the DL and UL directions, the noise power, especially the ASE noise from the EDFAs, has not been minimized. We believe that by using narrow bandpass optical filters after the EDFAs, the noise power can be reduced, further reducing the ACLR results. Furthermore, the responsivity of the PDs being used is about 0.6 A/W. By using higher responsivity PDs for optical detection, the ACLR performance can also be enhanced. Combining these possible solutions, we believe that it is possible to attain the required ACLR value that is defined in the standard.
It should be mentioned that there may be a performance degradation when the system is applied to the transmission of practical LTE-A signals. In our experiments, the test LTE-A signals with a residual EVM value of less than 1% were generated from VSGs. However, a DL LTE signal generated from BBUs may have a larger residual EVM because of the large PN and the lower DR of circuitry in the BBUs. In the UL direction, the LTE-A signal must be transmitted from mobile terminals to RRHs before being fed onto the system, so the quality of the signal may be reduced because of added interference and noise. Thus, the use of a highperformance system using high-quality MMW signal generation and detection, as presented in this paper, is very important to meet performance requirements, especially when applying the system to the transmission of lower quality mobile signals.
IV. CONCLUSION
We have proposed a novel fronthaul system for future mobile networks using a seamless fiber-MMW system. Owing to the high-quality optical MMW signal generation and the high-performance MMW SHD, the system can provide a high-precision analog waveform transmission for mobile signals. We successfully realized transmissions for an interband CA LTE-A signal and an intraband LTE-A signal in the DL and UL directions, respectively. We confirm that the effect of fiber dispersion is negligible when the fiber length is shorter than 50 km. We also confirmed successful transmission over a fiberwireless bridge using a cascade of the seamless fiber-MMW system and a conventional RoF system. Using both EVM and ACLR parameters, we investigated the performance of the full-duplex transmission of LTE-A signals over the bidirectional seamless fiber-MMW system. We confirmed that there was negligible interference from the UL to DL directions and vice versa, and we achieved a satisfactory performance. In this experiment, the MMW-wireless link was limited to 3 m because of space limitations and because we used low-gain antennas. We expect that the MMW-wireless link can be significantly increased to an appropriately long range if high-gain antennas and/or high-output PAs are used. The proposed system can be considered as an attractive method for realizing broadband radio signal delivery where broadband wireless infrastructure and fiber cables are not available, and as a high-capacity and low-latency fronthaul network for high-speed mobile networks using small cells and/or carrier frequencies in the MMW band.
